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APPARATUS AND METHOD FOR BALANCED 
CHARGING OF A MULTIPLE-CELL BATTERY PACK 

BACKGROUND OF THE INVENTION 


Field of the Invention 

This invention relates to rechargeable battery packs having a plurality of series- 
connected cells, and more particularly to battery packs adapted for implantation in a hu- 
man body and an apparatus and method for charging such battery packs. 

Background Information 

Rechargeable battery packs are a packaged assembly of a plurality of intercon- 
nected cells or "batteries" that are typically joined together to generate a desired overall 
voltage potential and current for powering a desired device or system. The term "bat- 
tery" is sometimes used to describe a multiple-cell arrangement, and may often be used 
interchangeably. However, an extremely wide variety of modern electronic devices are 
powered by "batteries" that are configured as multiple-cell packs with particular voltage 
and current-handling capabilities tailored to the respective device. A large range of sizes 
and types of battery packs are produced to power these devices. Batteries typically em- 
ploy a combination of electrolytic members and or electrolytes that undergo chemi- 
cal/ionic transfer reactions to produce electric current. During current discharge, the 
components of rechargeable battery packs undergo a series of complex chemical reac- 
tions in a particular "direction," with concomitant change in the makeup of the electro- 
lytes. Conversely, recharging, which uses an external current source to force current 
back into the battery pack, causes the direction of the internal electrochemical reaction to 
reverse, thereby returning the electrolytes to their original charged state. 

Types of rechargeable battery packs in common use today include lead-acid, 
nickel-cadmium (NiCd), nickel-metal hydride (NiMH) — and the increasingly more- 
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common lithium ion type. Each of these battery types is generally characterized by a 
multiplicity of individual cells, each containing the basic electrode/electrolyte combina- 
tion that produces a discrete voltage potential thereacross. The opposing electrodes of a 
given number of cells are connected together in series so that the additive effects of the 
individual cell potentials are combined to produce the overall desired voltage potential 
for the battery pack. 

One disadvantage associated with multiple-cell battery packs, including lithium 
ion type, is that the cells are not exactly identical in performance and charging character- 
istics. For example, within a given charge duration, one cell may reach a higher potential 
than an adjacent cell. A common charging technique is to regulate the application of 
charge current so that the charging current is cut off when the highest cell reaches its po- 
tential. However, this form of regulation may leave the other cells in the battery pack 
undercharged. This reduces overall battery capacity and may shorten pack life. 

Various techniques have been employed to attempt to balance the potential in 
each cell. This may involve the use of a somewhat inaccurate mechanism for roughly 
balancing cell-to-cell potential between respective cells — or where a more accurate bal- 
ance is desired, the use of fairly complex and expensive monitoring circuit, that increases 
the cost of the battery, may be required. 

Multiple-cell lithium ion battery packs have become a common standard power 
source for portable electronics, and are desirable for their low-weight, small size, high 
power output and long life. Many common types are commercially available in the 9 to 
14-volt output range, having up to four series cells each delivering approximately 4.2 
volts. The advantageous characteristics of lithium ion type batteries render them par- 
ticularly suitable for critical medical devices such as cardiac implants and monitors. 
However, where such battery packs are to be employed in the extremely demanding 
medical environment, reliability, quick charge capability and long life take on even 
greater importance. This is especially true where batteries may require high output (24- 
30 volts DC) and are directly implanted into the human body to service an implantable, 
life-saving device such as a pacemaker, cardiac assist device or artificial heart or other 
heart-treatment device. 
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Accordingly, it is an object of this invention to provide an apparatus and method 
for charging a multiple-cell battery pack that ensures all cells are charged to peak poten- 
tial, thereby maximizing power output and life. The apparatus and method should enable 
a large number of high-output cells to be efficiently charged, with no undesirable delay in 
the charging process. The battery pack should enhance overall reliability in critical ap- 
plications such as in conjunction with life-saving and/or implantable devices. 


This invention overcomes the disadvantages of the prior art by providing an appa- 
ratus and method for charging a multiple-cell battery pack (or "battery") that provides a 
balanced charge to each cell in a series by shunting charge current from a cell that is fully 
charged to one or more next cells in the series to thereby ensure that each cell is charged 
to a predetermined maximum potential without unduly delaying the charging process or 
significantly wasting power. 

According to a preferred embodiment the apparatus and method for cell-balancing 
provides a monitor/regulator circuit operatively connected with each cell that (1) moni- 
tors the charge (measuring voltage potential across the respective cell, for example) of 
each cell and, when a predefined maximum cell charge is attained, and (2) shunts further 
charge current to a next cell in the series via a shunt resistor that bridges the cell, and 
thereby prevents further charging thereof, as shunted current is carried along the series 
line to other cells that require further charge. 

In one embodiment, each cell-balancing circuit includes a pair of leads each con- 
nected on opposite sides of a respective cell. Adjacent cells in the series share a common 
lead of the pair of leads, such that each lead (except the first and last) are connected to 
both the anode of one cell and the cathode of the next cell. A reference voltage circuit is 
connected across the leads and a voltage divider, defined by a pair of appropriately rated 
resistors is separately connected across the leads. The output of the reference voltage 
source and the output of the voltage divider (connected between the resistor pair) are each 
connected to respective inputs of a comparator. The comparator output is connected to a 
solid state switching device (such as a PNP transistor or power field effect transistor 


SUMMARY OF THE INVENTION 
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(FET)) that is in line with a shunt resistor. The shunt resistor/switching device also 
bridges the respective cell, being operatively connected to the pair of leads. When the 
comparator senses a relative voltage from the cell (as output by the divider) in excess of 
the fixed reference voltage, it drives the switching device to close its circuit, causing 
charge current to flow through the shunt resistor. This relieves charging from the cell, 
and "shunts" the charging current on to the next cell in the series. 

A sensing circuit is connected across a sense resistor at the end of the cell series 
between the battery ground (battery terminal), and the charging system ground, in line 
with the charging unit. The sensing circuit provides feedback from the sense resistor to 
regulate the maximum current output rate of the charging circuit to the battery pack. 

According to a preferred embodiment, the battery pack is implemented as part of 
an implantable life-saving device that can include a thoracic unit, such as an artificial (re- 
placement) heart, heart-assist device pacemaker, or other mechanical organ/organ-assist 
unit, a controller and an implanted transcutaneous energy transfer (TET) module adapted 
to receive electrical energy from an external TET module connected to a power source. 
The controller can include charger circuitry that directs charging current to the battery 
pack when required, and that utilizes the battery packs power when current from the TET 
system is unavailable or insufficient — typically in the role of a battery-backup power 
system when the implanted TET module receives no energy, or insufficient energy, to 
power the life-saving system. 


The foregoing and other objects and advantages of the invention will become 
clearer with reference to the following detailed description as illustrated by the drawings, 
in which: 

Fig. 1 is a somewhat schematic exposed view of a human body having a life- 
saving implantable device powered by a system that includes a rechargeable battery pack 
according to this invention; 

Fig. 2 is a block diagram of the system of Fig. 1 detailing the components thereof; 


BRIEF DESCRIPTION OF THE DRAWINGS 
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Fig. 3 is a block diagram of a multiple-cell battery pack, charging circuit and cell- 
balancing circuit including a charge monitor/regulator according to a preferred embodi- 
ment of this invention; 

Fig. 4 is a more detailed block diagram of the multiple-cell battery pack and asso- 
ciated cell-balancing circuit; 

Fig. 5 is a schematic diagram of an exemplary cell and cell-balancing circuit in- 
cluding a charge monitor/regulator operatively connected thereto; 

Fig. 6 is a more detailed schematic diagram of an exemplary cell and cell- 
balancing circuit according to a preferred embodiment; 

Fig. 7 is a more detailed schematic diagram of the exemplary multiple-cell battery 
pack and respective cell-balancing circuits therefor according to a preferred embodiment; 
and 

Fig. 8 is a schematic diagram of a charging circuit according to a preferred em- 
bodiment of this invention. 


Fig. 1 shows an exemplary life-saving system implanted in the thoracic region of 
a human body 102. In this example, the life-saving system is directed toward an artificial 
heart 104 such as the AbioCor™ replacement heart system developed by Abiomed, Inc. 
of Danvers, MA. The system requires electric power to maintain pumping mechanisms 
that emulate the blood-circulatory action of the original heart and control functions that 
regulate pumping and other critical system parameters. 

With reference also to the system-level block diagram 200 of Fig. 2, electric 
power and control information is delivered to the heart (the "thoracic unit") through an 
implanted controller 106. In turn, the controller receives basic electric power input 
through an implanted transcutaneous energy transmission (TET) module 108. The im- 
planted TET 108 resides beneath the skin of the body so as to eliminate any leads or 
wires exiting the skin. This reduces the possibility of infection and generally enhances 
patient well-being. The implanted TET 108 receives energy through the skin via elec- 
tromagnetic induction from an external TET module 110. Using the energy transferred 


DETAILED DESCRIPTION OF AN ILLUSTRATIVE 

EMBODIMENT 
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through the skin layer, the implanted TET module derives electricity for powering the 
implanted system 100. 

The external TET 110 receives power from a high-capacity battery unit (or other 
fixed power source) 202 (Fig. 2). The high-capacity battery unit 202 can be mounted in a 
pouch 112 that is worn by the patient using, for example a belt 1 14, and is connected to 
the external TET by a cable 1 16. The pouch can also include various control circuitry 
and a radio frequency (RF) transceiver for communicating with the controller 106. 
Similarly, an external control and monitoring console 206 can be tied to the controller 
106 using RF communication 208. A number of additional internal and external control 
units and monitors can also be employed. Note that all implanted components are suffi- 
ciently rugged to ensure long life under typical loads to which a body is subjected. In 
addition all components are sealed fully and constructed using biocompatible materials. 

The implanted thoracic unit 104, controller 106 and TET 108 are operatively con- 
nected via an implantable cable 210 that carries power and control information through- 
out the system 100. Also residing on the cable 210 is an implanted battery pack (battery) 
120. Like the controller 106, the battery pack 210 is operatively positioned within the 
body, in a convenient location where it will not interfere with normal functions, and pref- 
erable, will not interfere in patient comfort. Conversely the implantable TET 108 is pref- 
erably placed in a location where it will remain in its implanted position over time, such 
as in a muscular area over the rib cage, etc. so that it remains positioned properly to re- 
ceive energy from the external TET 1 10. The implanted/internal battery pack is designed 
to act as a backup in the event the TET is off-line or temporarily disconnected and also 
when the high-capacity battery is depleted or disconnected. The implantable battery pack 
is constructed and sealed in a manner that renders it biocompatible. In other words, it 
includes a sealed casing (see Fig. 1) that ensures no leakage of battery electrolytes and/or 
chemicals into the body, and likewise, no infiltration of biological fluids or tissues into 
the pack. The battery pack's normal charge capacity is sufficient to enable operation of 
the thoracic unit at anticipated levels for a predetermined time period (for example, one 
hour) without external power. 


6 

H:\l33\031\0003\PROSECUTVPATAPP.doc 04/19/01 3:48 PM 


PATENT 
133031-0003 


According to one embodiment of the invention, the controller 106 includes, and 
houses in a sealed controller casing (see Fig. 1), charging circuitry (described further be- 
low) that recharges, and maintains the charge of the battery pack 120 when not in use by 
the system based upon charging current provided by the TET 108. The controller 106 
can include switching circuitry for bringing the pack on-line the moment it is needed. 

Having described an exemplary life-saving system in which an implanted battery 
can be employed, the particular features of a battery pack for use in such environments 
and associated charging components according to an embodiment of this invention are 
now described in further detail. 

Fig. 3 shows a schematic block diagram of a multiple-cell battery pack (often 
termed simply a "battery") and charging system 300 according to a preferred embodiment 
of this invention. The battery pack 302 comprises a series of interconnected lithium ion 
cells according to a preferred embodiment. As noted above a variety of other cell-types 
can be employed, including nickel metal hydride (NiMH) and Nickel Cadmium (NiCd). 
The cells are operatively connected by respective connections 304 to cell-balancing cir- 
cuits 306. A battery ground BGND, typically the negative battery pack end terminal, is 
provided for the cells and the cell-balancing circuits. The positive lead 308 is connected 
by a branch 3 10 to a charging unit 312 and charge monitor 314. The charging unit pro- 
vides current to charge the battery pack while the monitor monitors a variety of battery 
pack state values including temperature, charge level and the like. The monitor may be 
optional, and can be used to control various equipment or charging unit functions based 
upon battery pack state or can be used to alarm the use when problems with the battery 
pack or system arise. The charging unit includes a sense circuit 316 that monitors inputs 
SENSE 1 and SENSE2 from a sense resistor RS (shown in phantom) located in-line with 
the charging unit. This sense circuit regulates the maximum charging current of the bat- 
tery based upon feedback from the inputs SENSE 1 and SENSE2. The function and 
structure of the charging unit, sense circuit and monitor are further described below. 

A power supply 3 1 8 is also connected via a fuse/circuit breaker 320 to the charg- 
ing unit 312. The power supply receives line current and converts it to DC charging cur- 
rent of a desired voltage. As described with reference to the system of Figs. 1 and 2, the 
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implanted TET 108 can be used to transmit charging current based upon the controller 
106, which can contain the charging unit in accordance with the above example. As will 
be described further below the battery pack of this embodiment is charged using current 
at a 25 to 30-volt potential. The charging unit 312, monitor 314 and power supply 318 
are each connected via a system ground GND. GND and other common connections can 
be shared between components using the implantable cable 210. 

In accordance with an embodiment of this invention, the cells 302 can be pro- 
vided in the casing of the battery pack 120 as shown in Fig. 1 . The charging unit 312, 
monitor 314, power supply and cell-balancing circuits 306 can all be housed in the casing 
of the controller 106 (Fig. 1). The cells 302 are connected with these components via the 
implantable cable 304, which is constructed to include the connections 304 as well as 
battery ground and positive terminals, and system ground connections. The position of 
system components can be varied, and some of the components, such as the cell- 
balancing circuits can be located within the battery pack casing. Likewise any of the 
components of Fig. 3 can be located outside the body according to an alternate embodi- 
ment, with appropriate connections made to the remaining implanted components. 

The overall charging circuit is shown in greater detail in Fig. 4. The cell- 
balancing circuit group 306 includes a plurality of individual cell -balancing circuits 410, 
412, 414, 416, 418 and 420. Each cell-balancing circuit is connected across a respective 
cell 430, 432, 434, 436, 438 and 440. The cells are themselves interconnected in series 
between a positive terminal lead 450 and a negative terminal lead (battery ground) 452. 
The charging assembly 460, consisting of the combined charging unit and the power sup- 
ply 462, sense circuit 316 and associated in-line sense resistor RS, is connected to the 
positive and negative leads 450, 452 during the charge cycle. The sense circuit 316 
senses when a predetermined potential is present across the sense resistor RS. This pro- 
vides positive feedback the charging unit/power supply 462 to regulate the charge cur- 
rent. The operating levels for the sense circuit and resistor RS depend upon the type of 
battery pack, its size and the parameters of the charging unit. These values are described 
below for the preferred embodiment. Based upon the operation of the cell-balancing cir- 
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cuits of this invention, the individual cells should each be substantially fully charged 
when the overall maximum charge for the battery pack is attained. 

Fig. 5 shows the generalized cell-balancing circuit for a discrete cell of the battery 
pack. The cell 502 is located along a line 504 of series-interconnected cells. Monitor 
leads 506 that connect across the cell are used to return a cell charge-state value (typi- 
cally cell potential) over a return path 510 to a generalized cell charge monitor/regulator 
512. The cell monitor/regulator is a circuit of any configuration that has the capability of 
responding to a given reading across the cell, and to selectively activate an output 514 to 
a bypass switch SB. The bypass switch can be any acceptable switch or gate — typically a 
PNP transistor. A shunting^ypass bridge 516 extends around the cell, including the 
switch SB. Also on the shunting bridge is a bypass resistor RB that has a resistance value 
sufficient to enable the full charge current to travel preferably across the shunting bridge 
516 when the switch SB is closed. In operation, when the cell state is below a predeter- 
mined maximum threshold charge, the switch is maintained in an open position, causing 
the charge current to pass through the cell, thereby charging it further. Each time the 
monitored state of the cell indicates a maximum charge potential, the cell moni- 
tor/regulator 512 responds by closing the switch SB to close the shunt, enabling charging 
current that is sourced on the series line 504 to effectively bypass the cell in favor of the 
shunt 516. The charging current is thereby shunted to the next cell in the series (or bat- 
tery pack terminal where the last cell is shunted) from a previous cell (or battery pack 
terminal where the first cell is shunted). If and when the cell potential again drops below 
the maximum threshold value, the switch SB is then opened (disconnecting the shunt), 
and current flows preferably through the cell to effect charging thereof In practice, the 
switch for each cell may open and close in a rapid succession of cycles as the cell poten- 
tial rises to threshold, and then begins draining during shunt. 

An implementation of the cell-balancing circuit is shown in Fig. 6 according to a 
preferred embodiment. The circuit 600 is one of a plurality of circuits each disposed 
along the battery cell line. The depicted lead arrows extending from selected nodes of the 
circuit are leads to other like components in adjacent balancing circuits in the series (refer 
generally to the overall circuit in Fig. 7, described further below). Where the respective 
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balancing circuit forms a top or bottom of the battery series, the respective top or bottom 
arrows are omitted, and only a positive or negative battery pack terminal is provided from 
the cell. 

The balancing circuit 600 includes a cell CE located along the cell series line 602. 
A pair of leads 604 and 606 bridge the cell CE. A reference voltage circuit VR and an 
appropriately rated resistor Rl are connected between the leads 604 and 606. An output 
610 is connected between the reference voltage VR and the resistor to provide a constant 
voltage of a predetermined level. A voltage divider 61 1 is also connected between the 
leads 604 and 606. The divider 61 1 is defined by resistors R2 and R3. Between the re- 
sistors is connected another output 612. The outputs 611 and 612 are each connected to 
inputs of a comparator COM. Note that the comparator is powered via the battery pack 
positive and battery pack negative/ground in this embodiment. A noise reduction ca- 
pacitor C2 is provided across R3 in a preferred embodiment. The output 614 of the com- 
parator COM is connected to a pull-up resistor R4. Note the output 614 is also connected 
with a noise reduction resistor CI . A further resistor R5 is in line with the output 614, 
which connects to the base of transistor Q. 

The comparator is arranged so that when the variable output 612 of the voltage 
divider (depending upon the charge state of the cell) is greater than the fixed reference 
voltage on the output 610 (representing a cell voltage in excess of a maximum reference 
voltage), the comparator saturates the transistor into an "on" state to close the shunting 
bridge 616. Closing the switching device thus causes charging current to flow along the 
bridge 616 so as to effectively bypass the cell CE. Note that a bypass resistor R6 is in- 
cluded in the shunting bridge 616. As discussed above, the value for R6 is chosen to ef- 
fectively shunt all charging current away from the cell CE. 

The electrical values of the various electronic components of the cell-balancing 
circuit 600 are chosen based upon the underlying voltage of the cell CE, the maximum 
charge current and the relative voltages generated by the voltage divider arrangement and 
reference voltage. In a preferred embodiment, a high-output battery pack having six 
lithium ion cells is contemplated. The overall maximum charge for each battery cell is 
approximately 4.2 volts. The overall battery pack voltage at maximum charge equals ap- 
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proximately 24.6 volts. The bypass resistor R6 is therefore chosen so that approximately 
170mA of current can be passed across the shunting bridge 616, ensuring that a charge 
current in excess of 150mA (approximately one-quarter of the maximum charge capacity) 
is fully shunted from the cell. The values of the resistors can be chosen as follows Rl = 
5 24.9K Ohms; R2 = 324K Ohms; R3 - 499K Ohms; R4 = 100K Ohms; R5 = 2.80K Ohms 
(subject to variation as described below); R6=24 Ohms/1 watt handling power. Likewise 
the reference voltage of VR is set at 2.5 volts. The capacitors CI and C2 can each equal 
0.1 microFarad. 


10 source, a voltage divider and a comparator represents a preferred embodiment for moni- 
toring the charge state of a cell and signaling transistor Q, a person of ordinary skill will 

C5 recognize that a variety of known circuits can be employed for this purpose. By way of 

f Z example, a diode having breakdown voltage at a predetermined level can be used as nec- 

r J essary with a voltage divider in a configuration where a desired voltage across the cell 

r- 15 causes the diode to break down, and thereby allow current flow that can be used to signal 

f «i the transistor Q to close. 

is 

rii Fig. 7 details the overall structure 700 for the six-cell battery pack according to a 

^ preferred embodiment of this invention. The various components of the circuit are es- 

U sentially analogous to those described for the exemplary circuit 600 of Fig. 6. As such, 

20 each resistor Rl of Fig. 6 is given the like designation Rl 1-R16 in Fig. 7. Similarly, R2 
corresponds to R21-R26; R3 to R31-R36; R4 to R41-R46; R5 to R51-R56; R6 to R61- 
R66; cell CE to CE1-CE6; reference voltage VR to VR1-VR6; comparator COM to 
COM1-COM6; capacitor CI to CI 1-C16; C2 to C21-C26 and transistor Q to Q1-Q6. 
The values for Rl, R2, R3, R4 and R6 are all unchanged. Likewise the values for CI and 
25 C2 are all unchanged. Each component VR, in this embodiment comprises a part desig- 
nated as LM4040AIM3-2.5, available generally from well-known vendors such as Na- 
tional Semiconductor Corporation of Santa Clara, CA. Each transistor Ql -Q6 comprises 
a standard PNP solid state transistor, such as model FCX589. Alternatively another solid 
state switching device can be employed such as a power field effect transistor (FET). 
30 Because of packaging considerations, the comparators COM 1 and COM2 are pair of 


While the above-described cell-balancing circuit including a reference voltage 
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LMC6772 model comparators available from National Semiconductor, while the com- 
parators COM3-COM6 are each model LP339 comparators, also from National Semi- 
conductor. The negative power connection for COM1 and COM2 are each operatively 
connected to the cell lead 708. The associated noise-reduction capacitor CI 1 and C12 are 

5 each connected between the respected output of the comparator COM1 , COM2 and the 
lead. Conversely, comparators COM3-COM6 are each connected directly to the battery 
ground BGND, as well as the associated noise-reduction capacitor C13-C16. As noted 
above the values for the various resistors R5 differ based upon their location in the over- 
all circuit and the variation in models of comparator employed. In this embodiment, R51 

10 = 2.8K Ohms; R52 = 1.74K Ohms; R53 = 3.83K Ohms; R54 = 2.80K Ohms; R55 = 
1.74K Ohms and R56 = 698 Ohms. These values are chosen to provide appropriate 
switching potentials (saturation) to the respective transistors Q1-Q6. 

It should be clear that the foregoing implementation of the circuit can be varied 
depending upon the performance of the components and the maximum charge capacity of 
is the respective battery cells. In an alternate embodiment, other types of components, as 
well as different packaging arrangements can be employed to perform the same function 
of monitoring the cell state and selective shunting current away from the cell, and toward 
other cells in the battery pack. In this embodiment, the circuit components used are pre- 
cision components accurate to within approximately plus-or-minus one percent from 


20 stated parameters. 

Referring to Fig. 8, a charging circuit according to a preferred embodiment is 
shown. The charging circuit is, in general, a commercially available device calibrated for 
the specific battery pack size (voltage) and charge rate. The primary component of the 
charging unit is the solid state regulator 802, which in this example is a model 
25 LT1076HVCR voltage regulator available from Linear Technology Corporation of 
Milpitas, CA. The maximum regulated voltage input by this unit is approximately 65 
volts. In the preferred embodiment, the maximum charge voltage is set at approximately 
25.1 volts. As described above, the associated charge rate (current) is set to be one- 
quarter the maximum charge capacity. 
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Given a maximum charge capacity of the cells according to this embodiment of 
approximately 550mA hours, the maximum charging unit output is set at 1 50mA. By 
reducing the charge rate, the life of the battery pack may be increased. The charge rate 
can be altered in order to either reduce the charge cycle time or increase overall battery 
pack life. Input from the power supply is routed to the regulator through a fused voltage 
in-line 804 and a system ground 806/GND. 

In accordance with the specifications of the exemplary regulator 802, the input 
voltage lead 809 (regulator input VIN) and ground lead 61 1 are bridged through a set of 
high-resistance lM-Ohm resistors 808 and 22-microFarad electrolytic capacitors 810. In 
addition, 0.1-microFarad capacitors 812 are provided, and each of the resistors and ca- 
pacitors are separately bridged to each other as shown. A 3.42K-Ohm resistor 814 is tied 
between the ground and the regulator input ILIM that sets the maximum charge current as 
a backup to the sense circuit 316. In addition, the regulator input GND is also tied to the 
ground lead 611. The regulator input VC is tied through a 2.8K-Ohm resistor 816 and a 
capacitor 818 rated at 0.01-microFarad to ground. The output voltage VSW from the 
regulator is tied to ground through a diode bridge 820. A 100-microHenry/500-milliamp 
inductor 822 is located along the output 824 downstream of the diode bridge. Additional 
22 microFarad capacitor 826 and lM-Ohm resistors 828 bridge the output 824 and 
ground. In addition, a 0.1 -microFarad capacitor bridge 830 is also provided between the 
output 824 and ground. Between a pair of resistors 840 and 842, each tied between 
ground and the output 824, is a branch 844 from the sense circuit 316. The sense circuit 
3 16 is also tied to the regulator input FB. The resistor 840 is a 2.26K-Ohm resistor. The 
resistor 842 is a 23.2K-Ohm resistor. The sense circuit 316 receives inputs from the 
sense resistor RS (see Fig. 4). The sense resistor RS (see Figs. 3 and 4) is rated a 0.056- 
Ohm resistor. When this resistance is sensed across the sense inputs SENSE 1 and 
SENSE2, the amplifier 850. A model LMC 6482AIM standard amplifier provides a cor- 
responding gain value of 262.7 at the output 851. This reaches a sufficient level so as to 
provide to a charge shut-off signal to the regulator input FB. A 1.02KOhm resistor 854 is 
also provided on the input SENSE2. In addition the input SENSE2 bridges the amplifier 
through the parallel resistor and capacitor circuit 856 having a resistor 858 rated at 
267KOhms and a capacitor 860 rated at 0.01 -microFarad. The overall regulator output 
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VSW on the output 824 is routed through a diode 870 to terminate at the battery pack 
positive terminal (+). 

The particular charging circuit shown is exemplary only. Any acceptable imple- 
mentation can be substituted according to this invention. It is generally desired that a 
charging circuit have the capability of limiting charge rate and shutting down when a 
predetermined maximum charge level or time is attained. In addition other parameters 
such as temperature can be taken into account by the charging unit circuitry. 

In addition, as noted above a variety of standard monitoring circuits (see Fig. 3) 
can be operatively connected to the battery pack and the charging unit. Such circuits can 
receive inputs SENSE 1 and SENSE2 from the sense resistor RS in order to better monitor 
the overall state of the battery pack. In addition, temperature and other probes can be 
fitted to the battery pack to ensure that it operates within desired parameters. Such pa- 
rameters can be reported to a variety of devices using one or more output signals 
(MONITOR OUT 350 in Fig. 3). 

It should be clear that a battery pack and recharging system in accordance with 
this invention enable a longer-life to be attained with reduced risk of failure. In an im- 
planted application, this has the clear advantage of ensuring the enhanced safety of the 
patient as the pack is less likely to degrade prematurely and will be less likely to suffer 
destruction from over charging, under charging or uneven charging. In addition, the fre- 
quency and likelihood of uncomfortable surgical procedures to replace degraded battery 
packs is reduced. 

The foregoing has been a detailed description of a preferred embodiment of the 
invention. Various modifications and additions can be made without departing from the 
spirit and scope thereof. For example, the placement of charging unit components, power 
supplies, cell-balancing circuits and battery cells within the overall system can be varied. 
In other words, the cell-balancing circuits can be located physically on the battery pack, 
or can be placed in association with the charging unit to be accessed when the battery 
pack and charging unit are operatively connected together. The power supply can be a 
separate component or incorporated in the charging unit package. Likewise, the monitor 
can be placed with the battery pack and/or cell-balancing circuits or with the charging 
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unit or in a separate package. The structure of the circuit can be widely varied. In an al- 
ternate embodiment, the circuit can be formed as single integrated circuit package such as 
an application specific integrated circuit (ASIC) that resides on the battery pack or 
charging unit. It is expressly contemplated that the various circuit components herein 
(such as the cell monitor/regulator) can also be implemented in whole or in part as digital 
circuits, with appropriate analog-to-digital and digital-to-analog converters and interfaces 
where needed. In addition, the voltage ranges, charging rates and other parameters speci- 
fied herein can be widely varied. It is expressly contemplated that the principles herein 
can also be applied to other types of battery packs/battery cells and battery packs having 
a mixture of cell types, sizes and configurations including those that include nickel- 
cadmium, nickel metal hydride, and the like. Finally, while the battery pack described 
herein is associated with a particular type of implanted life-saving device (a replacement 
heart), the battery pack described herein can be used in conjunction with a variety of life- 
saving devices including heart assist devices, pacemakers, internal monitors, etc. To this 
end, the location and configuration of the controller and charging components can be 
varied (for example, mounted externally). The battery pack can also be externally 
mounted rather than implanted, depending upon the application. And in an alternate em- 
bodiment, the battery can be applied to other non-medical applications for which a high 
quality, long-life rechargeable battery is desired. Accordingly, this description is meant 
to be taken only by way of example and not to otherwise limit the scope of the invention. 

What is claimed is: 
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